Introduction
The polished surface character of optical components has a tremendous impact on performance. Optical coating processes have undergone intense development over the past two decades. However, for only a few specialized applications such as laser gyros have polishing processes shown recent progress. The performance-limiting factor of many optical components to indicate that substrate surface quality has a pronounced effect on the resistance of coatings to laser damage and laser aging. Some related concerns are subsurface polishing damage,' coating defects nucleated at the interface, coating adhesion, and coating delamination with time. For our purposes surface quality implies a level of surface smoothness and the absence of observable surface or subsurface defects.
While studying the effect of polishing compounds and slurry conditions on the surface character of fused silica, we found it helpful to separate the observed phenomena in two categories. We found that (1) roughness could be minimized by controlling redeposition and chemical reactions (i.e., smoothness is chemistry dependent) and (2) the polishing process efficiency (removal rate) could be considered somewhat separately as dependent on mechanical parameters. Fused silica 3 and Zerodur 4 substrate materials were studied because of their widespread use for high-power laser optics. It is fortunate, however, that fused silica is also a simple glass. Multicomponent glasses add significant complexity to polishing behaviors because of compositional changes when they are exposed to water for long periods of time. 5 This is also the case for Zerodur, a multicomponent glass-ceramic material. Surface analyses of Zerodur, polished in the same manner as fused silica, are provided in this study for comparison purposes. Full control of the Zerodur-polishing process, however, is still being pursued. We analyzed the surfaces resulting from careful and reproducible polishing experiments by using complementary tools that included Nomarski microscopy, optical heterodyne profilometry (OHP), atomic force microscopy (AFM), and electron spectroscopy for chemical analysis (ESCA). Hydrogen forward scattering and ellipsometry analyses of the polished surfaces are discussed elsewhere. 6 7 Experimental Procedure A standard method was designed for all polishing experiments to permit direct comparison of the results. Samples were prepared of optical-grade fused silica and Zerodur. The 4.8-cm-diameter, 1.3-cm-thick, beveled disks were polished on all surfaces. One 4.8-cm disk of each material was drilled to hold four 1.2-cm-diameter analysis samples. The 0.4-cmthick samples were held in countersunk impressions flush to the surface by wax on the back surface. We drilled a small channel from the impression to the other side of the holder to allow for removal of the small parts from the holder without contacting the polished surface. Samples were prepolished to remove all subsurface grinding damage on a 120-cm commercial planetary polishing machine. After being prepolished, the surface figure was better than X/4 with a roughness of 4-6 A rms. The small, experimental, continuous planetary machine 8 consists of a rotating 35-cm-diameter lap and three disk septums with synchronized rotation. The lap rotation speed of 3 rpm resulted in an effective relative velocity to the samples of 5 cm/s. The weights of the other 4.8-cm-diameter samples were measured to ±0.0001 g. A 416-g lead weight was then taped to each disk, resulting in a total weight of 470 g and a pressure of 26 g/cm 2 .
A new pitch lap was prepared for each experiment. Commercial Gugolz 73 pitch was used as the lap material. The pitch was heated slowly until it became fluid, and then it was poured onto a prewarmed aluminum plate. The plate was then inverted onto a silicon rubber mesh lying on a polyethylene filmcovered granite table. A square mesh was used as a template for grooves in the pitch. The mesh consisted of 0.2-cm ridges spaced 1.0 cm apart. The pitch was pressed flat in this manner before the film and mesh were removed and it was placed on the machine. The initial lap temperature of2l.6C (71 0 F) typically rose 0.2C (1F) over the entire experiment.
The slurry was stirred constantly in a Pyrex beaker before its application to the lap. The flow rate of the slurry onto the lap was limited to 1.2 mL/min. The slurry was not recirculated, and the excess flowed from the lap at the outer edge or into a center well. For a 6-h period prior to adding the samples, we conditioned the lap using a 15-cm-diameter Pyrex disk. The conditioner remained on the lap for the duration of the experiment. The actual experiment consisted of four consecutive 90-min periods of polishing. After each 90 min the three samples were removed. The two solid samples were rinsed thoroughly with water, wiped with acetone, and then weighed. The analysis samples in their holder were submerged in distilled water until they were returned to the lap. The temperature and pH of the slurry were also monitored at that time. The sample drag (or grip) was monitored during each run by manually pushing the conditioner and a sample a distance of 2 cm and noting the resistance. Although this monitoring was not quantitative, a comparison of the drag between runs was categorized as skating (no drag), low, medium, or high. All parts were rinsed in deionized water and then wiped with tissues wet with a 50% acetone, 50% methanol mixture before being dried.
Once the 6-h polishing experiment was completed, surface roughness measurements were made with an OHP. The rms roughness reported is an average of three measurements for each sample. Observations of the surface features when Nomarski microscopy was used were also recorded. One fused silica sample from each experiment was etched and examined for subsurface polishing damage by an established method.' Preston coefficients were calculated from the weight-loss data. The Preston coefficient is a measure of the efficiency of the polishing process. Because the mechanical parameters affecting the removal rate are normalized, this coefficient potentially permits comparison with results from experiments with slightly different mechanical parameters. 8 In this situation we found it more useful than simply recording removal rates. The Preston coefficient C 
where AM is the mass of material removed in grams, Results p is the substrate density in g/cm 3 , L is the load in A summary of some of the pertinent parameters of dynes, and AS is the total contact path length traveach polishing experiment is given in Table 2 . Drag eled in centimeters.
results from a combination of friction, suction, and The slurries studied included several oxide comnegative lift as the sample maintains some level of pounds and one fluoride compound at 0.14-vol. % contact with the lap. 8 As previously shown 9 there is solids in deionized water. Information on the powa good correlation between drag and the Preston ders is in Table 1 . Both ceria and zirconia are coefficient (and thus the removal rate). No significommonly used for glass polishing in the optics cant differences were observed with the 6 h of lap industry. Little information on the polishing behavconditioning time before we introduced the samples ior of the other three compounds was available. We and experiments where this did not occur. The adjusted several slurries to pH 4.0 ± 0.2 by adding most efficient fused-silica-polishing process occurred citric acid. Each slurry was stirred for at least 24 h with a fine cerium-oxide-polishing compound at pH 4 before being used. Minor adjustments of additional as reported previously. The lower drag (and thus citric acid were rarely required during the experilow polishing efficiency) of fused silica with Opaline ments to maintain pH in the stirring beaker. Expemay be related to the larger particle size. When rience suggests that polishing Zerodur and fused Zerodur was polished concurrently with fused silica silica simultaneously at pH 4 can have a deleterious on the lap at pH 7, the efficiency and drag were effect on the polishing efficiency and quality. 9 similar to previous reports for separate polishing at However, a material resembling Zerodur is commonly pH 7, although the roughness is slightly higher. 9 used as a conditioner with commercial continuous The polishing efficiencies of both fused silica and Zerodur were again significantly higher at pH 4 than at pH 7 with the zirconia-polishing compound. The alumina compound resulted in low drag and correspondingly low polishing efficiencies for both sample materials. The corresponding roughness measurements were also high. Yttria and yttrium fluoride prevented drag between the sample surfaces and the lap. These compounds did not promote polishing behaviors. No analysis was pursued on the resulting surfaces. We have also produced enhanced contact, efficiency, and superior surfaces on spherical parts of fused silica and Zerodur with ceria at pH 4 by using a conventional spindle machine. This indicates that the pH effect is not limited to flat surfaces. A good correlation exists between the roughness measurements made by using OHP and AFM line profiles. The rms and peak-to-valley (P-V) values are listed in Table 3 . The AFM line profile examined a distance of 4 [im as chosen by the operator. This accounts for the extremely smooth surface measurement made on fused silica polished by the alumina slurry when measured between severe pits, which leads to a very high average OHP measurement of 300 A P-V. The other sample surfaces show varying levels of texture and haze with Nomarski microscopy. The surface morphologies are clarified further when AFM is used. The corresponding images are shown in Figs. 1-11 . It is reassuring that the roughness values listed in Table 3 compare favorably with the images. The more severe the texture and haze, the higher the roughness value. --0;X~f) 6000t;X;0i~tt eeX-t000000000000000 000000jati;0000000000Vi;Xt 0000000000000 000;00000 Figure9. Nomarskimicrographat200xandAFMsurfaceprofile Figure 11 . Nomarski micrograph at 200x and AFM surface of Zerodur polished at pH4 with zirconia.
profile of Zerodur polished at pH4 with alumina. During polishing, material is hydrated and retalline reaction products were detected on zirconiamoved from the sample surfaces. Depending on the polished silica. The presence of Al and Zr on the chemical environment, we can redeposit some of the fused-silica surfaces polished with compounds containhydrated material back onto the surface. The texing these metals was detected by electron spectrosture and haze observed is hydrated silica either in a copy for chemical analysis (ESCA). Table 4 presents continuous layer or as discrete particles. The soft, a list of elements identified on each surface by ESCA. hydrated material supports plastic deformation such Zerodur contains many trace elements, thus making as grooves and indentations that form the texture identification of contaminants difficult. However, it that is observed. The very thick, hydrated layer is clear that fused-silica and Zerodur samples with displayed in Fig. 1 shows such grooves clearly.
high texture also contain detectable levels of slurry Adjusting the pH of the slurry to 4 decreases the contamination in the redeposited layer. For examability of hydrated silica to reabsorb to the fusedple, use of Hastilite PO ceria at pH 7 resulted in a silica surface. The resulting surfaces are smoother silica surface with an rms of 7 A and detectable Ce as demonstrated graphically by the corresponding and La contamination. The texture of fused silica Nomarski and AFM images.
polished with the same slurry adjusted to pH 4 was Other chemical effects include the chemical reacnot observable, and Ce and La contamination was not tion between the polishing compound and the sample detected. With the experimental conditions dematerial. X-ray diffraction of the fused-silica surscribed, ceria polishing of fused silica at pH 7 simultaface polished with alumina identified a reaction prodneously with Zerodur produces surfaces that are uct AL 2 Si 4 o 10 . It is suspected that the alumina actusimilar to fused silica polished separately. However, ally react with the fused-silica surface (not the when fused silica is polished simultaneously with hydrated silica in the slurry) leading to severe defects Zerodur at pH 4 the polishing efficiency and quality in an otherwise extremely smooth surface. No crysboth deteriorate. It is suggested that hydrated Al ions from the Zerodur may be affecting the slurry.1 0 We did not observe subsurface polishing damage after etching on the fused silica polished with ceria or zirconia oxide. The pitch was examined by using scanning electron microscopy/energy dispersive spectroscopy (SEM/EDS) after fused silica was polished with pH 7 and pH 4 ceria slurries. In the case of pH 7 the lap became highly loaded with embedded ceria that was covered with silica. At pH 4, however, there was much less ceria embedded, and no silica was detected. Several 4.8-cm disks with varying polishing conditions were commercially coated with an electronbeam evaporated, high-reflection, quarter-wave stack coating. All samples were coated in the same run. The outer layer was a half-wave silica overcoat. The coating is greater than 99.9% reflective at 578 nm with <2-ppm absorption.' A difference in surface textures could still be viewed through the coating. Laser-damage testing of these coatings provided the lower and upper damage thresholds listed in Table 5 following the method given previously.' The resulting catastrophic damage thresholds are an indication of the possible effects of substrate surface quality on laser-damage thresholds of the coating. Long-term laser-exposure tests have not been completed. The damage thresholds of the coated silica and Zerodur substrates covered approximately the same ranges so that neither substrate material appeared to be a superior coating support. Surface quality does affect the laser-damage threshold of the coating on the silica substrates. Smoother silica surfaces (with lower texture) polished with ceria do exhibit higher damage thresholds than those with texture or polished with other compounds leading to surface contamination. Zerodur surfaces polished with zirconia appear to promote higher laser-damage thresholds of the coating regardless of the smoothness of the polished surfaces.
Discussion
The laser-damage results indicate that the polishing compound and substrate surface quality can affect the coating damage threshold of fused silica. Fused silica and Zerodur must be treated as two different materials, and therefore optimized polishing procedures may differ. The polishing of Zerodur is being studied separately. The redeposition of hydrated silica is noted to form a plastic layer that supports microdeformations that appear as texture in Nomarski images. The hydrated silica is sometimes also redeposited as particles. This is not a new concept in itself. Beilby" in 1921 discussed the formation of a hydrated layer during polishing. In this study a qualitative relationship was observed between the presence of redeposited material and roughness. The minimization of a Beilby layer can contribute positively to performance. The coating-substrate interface will be mechanically more stable. Coating adhesion may also be enhanced. The amount of water at the interface that could diffuse with thermal or vacuum cycling is reduced. Mobile water could lead to microscopic areas of high pressure at the interface. Furthermore the redeposited material was shown to hold contamination at the surface. The results indicate that adjusting the slurry to pH 4 and isolating the surface from contamination (especially other optical materials on the polishing lap) can minimize redeposition and maximize polishing efficiency. Polishing fused silica with a ceria or zirconia slurry at pH 4 varies from water polishing in two main respects. First, the ceria particles are suspended in the slurry rather than embedded in the lap. Second, polishing was continued for many hours without degradation of the resulting surfaces. Water polishing, however, can result in degradation of surfaces after a relatively short time, sometimes within an hour. It is suggested that several factors contribute to the minimized redeposition and maximized polishing efficiency when a pH 4 slurry is used as follows.
Zeta potential numbers are used to describe the charged nature of a surface. For most oxides in water the isoelectric point (iep) coincides with the point of zero charge, i.e., the pH at which the zeta potential becomes zero. Values of pH for the iep of specified compounds often disagree for several reasons. Reliable zeta potential measurements are difficult to produce and rely on empirical models. Furthermore small amounts of contaminants or aging of surfaces can change the surface character greatly. We will use these numbers to suggest a model for the fusedsilica polishing phenomena observed. Several processes appear to be working simultaneously to produce the effects observed at pH 4 with fused silica. The iep of ceria is at -pH 7.5. At pH 4, ceria surfaces support a positive charge. The high surface charge breaks up agglomerates and maintains the ceria at a smaller particle size. This suggests that the number of particles interacting with the surface increases, and the load supported by any one particle may decrease. A corresponding increase in slurry viscosity around pH 4 as the suspended silica gels would also enhance the drag during polishing and thus increase the removal rate. Exhibiting no charge, the hydrated silica is not absorbed onto the ceria particles or on the pitch.' 2 Fresh' 3 fused silica also exhibits no charge at pH 4.14 Therefore there is no attraction and no subsequent absorption or redeposition of material onto the fused-silica surface. The polishing activity is carried out on a fresh silica surface rather than a plastic, hydrated, redeposited layer. This may enhance the removal rate further. Hypothetically the presence of hydrated Al ions in the slurry could affect the silica surface charge.
Conclusions
Whether or not the suggested model is essentially valid, the results of this study can have a great impact on improving fused-silica polished surface quality and efficiency. Only a single polishing process is required to produce high-quality fused-silica surfaces when a ceria slurry at pH 4 is used. Unlike water polishing the slurry and lap can be used for a long period without rapid deterioration of the polished surfaces. The improved surfaces are not limited to a flat geometry. It is indicated that a reduction in the redeposition of hydrated silica at the interface can improve a coated optic's laser-damage threshold.
